Ten subjects with unilateral posterior cruciate ligament-deficient knees were studied, comparing the knee mechanics of the affected knee with the mechanics of the opposite normal knee. The static squat test was used to determine knee forces and moments through measurements made on roentgenograms. Statistically significant increases occurred in posterior translation of the tibia in all knees at high knee flexion angles, but not uniformly at low knee flexion angles. The results suggest that posterior tibial subluxation occurs in vivo during certain activities of daily living. Posterior tibial subluxation occurred in positions of knee flexion near 70°, establishing a new equilibrium for the system where tibiofemoral joint compression force (approximately four times one-half body weight) remained an order of magnitude greater than tibiofemoral shear forces (approximately 10% of one-half body weight).
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In contrast to the giving way episodes in the anterior cruciate-deficient knee, patients with posterior cruciate ligament (PCL) rupture who become symptomatic with pain, swelling, or stiffness do so after many year^.^.^.' I These complaints, often coupled with patellofemoral or medial compartment arthrosis, imply altered force transmission across the PCL-deficient knee. M o r r i~o n '~ and Denham and Bishopb estimated that forces of up to one-half body weight occur in the PCL during level walking. During activities of daily living such as stair-climbing, the PCL is believed to play an important role in a patient's ability to descend stairs.2 However, whether the absence of the PCL's restraining force results in posterior tibial subluxation during such activities ofdaily living has yet to be determined. This subluxation would alter force transmission across both the tibiofemoral and patellofemoral joints. Maquet" believed an increase in patellofemoral contact pressure to be partially responsible for the increased frequency of patellofemoral arthrosis in a PCL-deficient knee.
There were two purposes of this study: first, to use the static squat method previously reported by Denham and Bishop6 to analyze patellofemoral and tibiofemoral mechanics in PCL-deficient knees and the contralateral controls; second, to test the hypothesis that posterior tibial subluxation occurs in patients with chronic PCL deficiency during a static squat. Whether a quadriceps muscle force would maintain an anterior tibial position preventing posterior subluxation was questioned. If this proved not to be true, it would be indicative of the potential for chronic posterior tibial subluxation during functional activities, even in the presence of adequate quadriceps muscle rehabilitation.
MATERIALS AND METHODS
Ten subjects(nine male, one female) with documented tears ofthe PCL and no injury to the anterior cruciate ligament (ACL) were identified from medical records and returned for roentgenographic study. The subjects ranged in age from 15.5 years to 53.5 years (average. 30 years). The left knee was injured in six subjects. the right knee in four. Time from injury ranged from six months to 13 years (average. 3.9 years). T w o subjects had (Table 1 ) . Seven of ten patients (all except Cases 2.4, and 7) demonstrated deterioration of the patellofemoral joint at the time of arthroscopy or surgery with gross fibrillation ofthe articular cartilage over the patella surface and femoral sulcus. The articular cartilage of all subjects was graded according to a classification system previously documented.15 Associated involvement of the lateral and posterolateral ligaments was documented in Case 5 with increased external tibial rotation and lateral joint opening on varus testing. All subjects experienced symptoms of varying dcgrecs. the most common being pain with activities of daily living and pain in descending stairs.
Each subject was asked to assume a double-limb squat on the edge of a 4-cm-wide bar to localize the ground reaction force to the region ofthe metatarsal heads. The subjects were instructed to balance with equal weight on each foot: however, the actual weight distribution could not be rncasured. It was assumed for analysis that the net ground reaction force was vertical and passed through the center of the bar. The only force acting downward o n the cross member was the patient's mass. whose center of mass by necessity was directly over the cross member. Therefore. theground reaction force must be oriented in a directly opposite direction. The location and orientation of the ground reaction force was identified on serial I-m lateral roentgenogram by suspending a small-diameter steel rod. 1 m in length, over the center of the bar. The film cassette holder was placed between the subjects' legs ( Fig. 1 ). By having the subject turn 180". roentgenograms of the opposite knee were obtained without moving the cassette holder or disturbing the hanging rod.
Two films of both the involved and the noninvolved limb were taken; one in low flexion (approximately 35") and one in high flexion (approximately 75") for a total offour tilms. Flexion angles were estimated by the technician as the roentgenograms were taken. Each film was then measured to document the exact flexion angle. Eight subjects had additional roentgenogram studies. These subjects had lateral views of their knees taken in 90" of flexion first with an I I-kg anterior tibial forcc and second with an I I-kg posterior tibial force. The force was applied using the Telos unit (Austin and Cess. Fallston, Maryland).
All films were analyzed for relative anteroposterior position ofthe tibia relative to the femur using the technique ofJacobsen' (Fig. 2 ). This technique uses two points. one on each bone. The femoral point is located where Blumensaats line joints the trochlcar groove. The tibial point is where the posterior outline of the medial spine crosses the line forming the medial tibial plateau. Therefore. the longer distance between these points (A/P). the more posterior the tibia is relative to the femur. This allows midline osseous structures to serve as landmarks for measurements, minimizing the effects of tibial rotation. Measurement of roentgenograms was performed by one physician unaware of which knee was injured. Posterior tibial displacement was recorded in millimeters. as was the involved/noninvolved knee difference.
KT-1000 arthrometry was performed in the 70" testing position, and results for a passive 2O0 posterior drawer and an active anterior drawer were obtained in each case.
Sagittal plane force analysis was performed on each roentgenogram taken during the static squat using the previously published method o f Dcnham and Bishop.' Seventy degrees flexion was selected in an attempt to simulate descending stairs. The tension in the patellar tendon. L. was determined as a multiple of body weight. The analysis assumes the lower leg weighs '/12 of total body weight, and its center of mass is located along the line of body weight. This assumption that the moment arm of body weight is equal to the moment arm of the weight of the lower leg is ; I valid one but not necessarily true. Moment equilibrium about point A ( Because the patellar tendon force (L) is known, and both the angle 9, between the direction of patellar tendon force and the quadriceps tendon force vector U. and the angle @. between L and patellofemoral force. P, are known, a closed vector triangle can be constructed to determine values for U and P. All forces and tensions are computed as multiples of H, or one-half body weight.
The above analysis yields three equations with three unknowns. L. T, and C, which can be solved for their relative forces. Force equilibrium of the patella requires that the force vectors L, P, and U, form a closed force triangle when the vectors are graphically placed in a head-to-tail arrangement.
Because L is known from above, the magnitude of U and P can be determined from the relative length of the sides of the force triangle.
RESULTS
The clinical data and roentgenogram data are provided for the KT-1000 arthrometer re- sults in Table 1 . All knees showed an increase in total anteropostenor translation and had a mean increase of 7.4 mm (range, 4.5-10 mm). Excluding Cases 9 and 10, who had a tibial tubercle elevation, each of the remaining eight knees showed, in a high-flexion static squat, a statistically significant increase (I, < 0.05, one-tailed test) in posterior translation of the tibia on the femur relative to the uninjured control knee (Table I ). The mean increase in translation for these knees was 5.9 mm (range, 3-12 mm). Cases 9 and 10 both had an increase in anteroposterior height of the tibia of 1 1 mm because of their tibial tubercle elevation.
In the lower flexion angle views, a posterior displacement was not uniformly seen. The mean tibial displacement was 2.1 mm compared with the normal knee (range, 2-mm anterior displacement to 9-mm posterior displacement). The mean increase in posterior displacement seen in the six subjects who had 1 l-kg loaded Telos views was 10.8 mm (range, 4-15.5 mm), as described in Table I .
The correlation between KT-I000 displacement (70" passive) and squat displacement (high flexion angle) was statistically significant Cp < 0.05), with a Pearson correlation coefficient of 0.628 ( Table 1 ). The magnitude of the displacement in the static squat and in the Telos stress test views were not significantly correlated.
Changes in the extensor moment arm (e), as measured off roentgenograms, showed only small changes ( Table 2 ). Compared with the control knee, the extensor moment arm in the eight high-flexion static squat views of the PCL-deficient knees had a mean increase of 0.8 mm (range, 6 mm less to 4 mm more). For the two subjects who were treated with Maquet procedures, the moment arms also showed only small changes.
Calculated forces for patellar ligament (L), posterior tibiofemoral joint shear (C), joint compression (T), patellofemoral net contact forces (P), and quadriceps tendon force (U) are recorded in Table 3 as a multiple of onehalf body weight (H) for each subject. The data provide calculated estimates as to the magnitude of forces in each knee for each specific flexion angle. The data show that for all knees, tibiofemoral shear forces remain small compared with the tibiofemoral joint compression. The mean values for all knees are given in Table 3 ; however, differences in flexion angles between knees do not allow exact comparisons to be made. Still, the data indicate the magnitude of forces in the joint during the squat test.
DISCUSSION
It has been postulated that increased patellofemoral compression forces and possibly increased tibiofemoral shear forces might be responsible for the patellofemoral and medial compartment arthrosis frequently observed in chronic PCL-deficient knee^.^.^ An abnormally increased posterior tibial translation has important effects on the moment arm of the knee extensor mechanism. Posterior tibial translation causes the tibiofemoral contact area to move forward on the tibia, which reduces the extensor moment arm (center of joint contact to the patellar tendon). This effect increases the quadriceps muscle force and resultant patellofemoral force required to resist any given flexion moment about the knee joint.
The results of the current study suggest that during activities of daily living (such as stair ascent and descent), posterior subluxation of the tibia does occur in PCL-deficient knees. The amount of increased translation in the injured knee significantly correlated with posterior tibial displacement at 70" flexion (KT-1000 knee arthrometer).
The posterior subluxations seen in the injured knee did not produce a decrease in the patellar tendon moment arm. There are two possible reasons for this discrepancy. First, the posterior tibial subluxation caused the orientation of the patellar tendon relative to the tibia to change, decreasing the angle p. Second, errors in the measurement of the patellar tendon moment arm may have occurred because one end of the moment arm is located at the tibiofemoral contact point. which is difficult to identify on lateral roentgenograms.
Denham and Bishop6 argued that tibiofemoral subluxation in the sagittal plane is not likely during squat because the ratio of shear force to the joint compressive force is small in an intact knee, on the order of 10%. Markolf ci a/. '' also believed that large compressive forces across the tibiofemoral joint would prevent the small shear force from producing any net tibial translation. The system they examined, however, had intact anterior and posterior cruciate ligaments.
For conditions when the PCL is normally under tension. it is not surprising that some displacement might occur after this ligament is ruptured. After PCL rupture, one might conclude that a new equilibrium position would involve translation of the tibia posteriorly on the femur, because this is the translation resisted by the PCL when the knee is Adaptations that would unprcdictably alter the magnitude and direction of the forces, however, such as changcs in joint flexion angle. body position, and muscle contraction, must be considered.
It is important to appreciate how great an effect the overall position ofthe lower extremity, not just the flexion angle, has on forces acting across the knee. Denham and Bishop6 argue that for any given flexion angle, as the femur becomes more horizontal (as in squatting),joint compression forcesclimbdramatically. However, for the femur to become more horizontal with the knees in the same degree of flexion. a decrease in ankle dorsiflexion and an incrcasc in hip flexion must occur to keep body weight centered over the metatarsal heads."' This changes the location of the line of body weight by bringing it closer to the center of the knee and thereby decreases the flexion moment arm. f. Hcncc. tension in the patellar tendon. L, would be decreased and therefore a decrease in joint reaction force would rcsult.
A skier sitting back over the tails of his skis would be expected to experience extreme joint compression forces. Hcre. with fect flexed,2~5.1 1-17 bound to the skis, the tibia is nearly vertical and the feniur nearly horizontal. With the torso erect, the flexion moment arm approaches the length of the femur itself. For equilibrium to exist, tension in the patellar tendon and the joint compression force must be very large.
As Daniel cl al.' noted, the effect ofa patellar tendon force not only causes joint compression but tibiofemoral shear. They identified the quadriceps neutral angle as that angle of knee flexion where the course of the patellar tendon is perpendicular to the articular surface ofthe tibia. The angle varies from 60" to 90" in their series, with a mean of 7 I o . 5 Below this angle, the patellar tendon courses anteriorly to the patella from the tubercle. thus generating an anterior force on the tibia. Flexion above the quadriceps neutral anglc causes the quadriceps to generate a posterior force because the patellar tendon courses posteriorly from the tibial tubercle to the patella. I n the subjects studied at low flexion angles. no consistent posterior subluxation occurred. Only at flexion angles averaging 7 1 ", which are near orjust abovc the quadriceps neutral angle. did the investigators identify abnormal posterior translation limits of the tibia.
The quadriceps neutral angle changes in knees that subluxate anteriorly or posteriorly during activities of daily living. In the case of a PCL-deficient knee where posterior subluxation has occurred. the patellar tendon maintains an anterior force vector on the tibia well beyond 70" of flexion (Fig. 4) . In the ACLdeficient knee. assuming a situation of anterior tibial subluxation. the quadriceps would exert a posterior force through the patellar tendon and onto the tibia well before the normal 70" flexion angle is reached (Fig. 4) .
A Maquet-type procedure is sometimes performed instead of patellectomy in the chronic PCL-deficient knee that has developed markedly symptomatic patellofemoral arthr~sis.'.'~ The anterior position of the tibial tubercle decreases the quadriceps neutral angle. as shown in Figure 5 . Knee flexion angles above the altered neutral angle would be associated with a posterior force on the tibia. ment while also decreasing the patellar tendon moment arm. Figure 3 shows what the quadriceps neutral angle corresponds to when the Angle a equals 0. In one subject (Case 2), the involved knee had 7 mm of posterior translation relative to the normal knee, and the quadriceps neutral angle was not reached at 90" flexion. The control limb had a neutral angle well below 85". In no involved limb was Angle fl greater than Angle a-a situation where the quadriceps force was not responsible for causing the posterior subluxation, as noted in the PCL-deficient subjects of this study.
One limitation of this study was the method employed in obtaining roentgenograms, because it was not possible to obtain films of both extremities simultaneously. Ideally, one would obtain paired films with each extremity in identical positions of flexion and limb alignment (i.c., Angle a, or the angle the tibia makes with a horizontal). Because the technique used by the current authors could not produce these identical views, flexion moment arms varied significantly between pairs of involved and noninvolved knees, and direct comparison of values for tibiofemoral shear and patellofemoral forces between limbs could not be made.
